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The elderly are among the most vulnerable to traumatic brain injury (TBI) with poor
functional outcomes and impaired cognitive recovery. Of the pathological changes that
occur following TBI, apoptosis is an important contributor to the secondary insults and
subsequent morbidity associated with TBI. The current study investigated age-related
differences in the apoptotic response to injury, which may represent a mechanistic
underpinning of the heightened vulnerability of the aged brain toTBI. This study compared
the degree of TBI-induced apoptotic response and changes of several apoptosis-related
proteins in the hippocampal dentate gyrus (DG) of juvenile and aged animals following injury.
Juvenile (p28) and aged rats (24 months) were subjected to a moderate ﬂuid percussive
injury or sham injury and sacriﬁced at 2 days post-injury. One group of rats in both ages
was sacriﬁced and brain sections were processed for TUNEL and immunoﬂuorescent
labeling to assess the level of apoptosis and to identify cell types which undergo apoptosis.
Another group of animals was subjected to proteomic analysis, whereby proteins from
the ipsilateral DG were extracted and subjected to 2D-gel electrophoresis and mass
spectrometry analysis. Histological studies revealed age- and injury-related differences in
the number ofTUNEL-labeled cells in the DG. In sham animals, juveniles displayed a higher
number of TUNEL+ apoptotic cells located primarily in the subgranular zone of the DG
as compared to the aged brain. These apoptotic cells expressed the early neuronal marker
PSA-NCAM, suggestive of newly generated immature neurons. In contrast, aged rats had a
signiﬁcantly higher number ofTUNEL+ cells followingTBI than injured juveniles, whichwere
NeuN-positive mature neurons located predominantly in the granule cell layer. Fluorescent
triple labeling revealed that microglial cells were closely associated to the apoptotic cells.
In concert with these cellular changes, proteomic studies revealed both age-associated
and injury-induced changes in the expression levels of three apoptotic-related proteins:
hippocalcin, leucine-rich acidic nuclear protein and heat shock protein 27. Taken together,
this study revealed distinct apoptotic responses followingTBI in the juvenile and aged brain
which may contribute to the differential cognitive recovery observed.
Keywords: aging, apoptosis, dentate gyrus, neurogenesis, proteomics, traumatic brain injury
INTRODUCTION
Traumatic brain injury (TBI) is a major cause of death and dis-
ability world-wide. With the increase in numbers of the aging
population in the United States, the epidemiology of TBI has
shifted toward this demographic, with falls representing the lead-
ing cause of brain injuries involving the elderly. Although no overt
neuronal cell loss is observed in the brain with aging, several subtle
structural, chemical, and metabolic changes occur that render the
aged brainmore vulnerable toTBI as compared to the young brain.
These changes include a reduction in the complexity of dendritic
arborization, dendritic length, and spine numbers (Dickstein et al.,
2007), increased oxidative stress and altered metabolic functions
(Mattson and Magnus, 2006), and increased glial cell reaction
and neuroinﬂammation (Frank et al., 2006). Collectively, these
changes result in less plasticity and repair potential for the aged
following TBI and lead to more enduring functional deﬁcits.
The hippocampus, a region responsible for learning and mem-
ory functions, is particularly vulnerable to TBI. The learning and
memory deﬁcits observed following TBI are likely a reﬂection of
differential susceptibility of neurons in different hippocampal sub-
regions to injury (Small et al., 2011). Under normal conditions,
new cells are constantly generated in the dentate gyrus (DG) in
the hippocampus. Of these newly generated granule cells, approx-
imately half of them die via apoptosis within the ﬁrst month
following their generation (Dayer et al., 2003); those that sur-
vive ultimatelymature into functional granule neurons (van Pragg
et al., 2002; Ramirez-Amaya et al., 2006) involved in hippocampal-
dependent learning and memory functions (Clelland et al., 2009;
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Deng et al., 2009). With normal aging, the neurogenic capacity of
the DG is signiﬁcantly decreased, with a concomitant increased
vulnerability of neurons in this region and the decline in cogni-
tive function (Pavlopoulos et al., 2013). Following TBI, in young
adult animals, the injured brain displays a signiﬁcantly enhanced
neurogenic response in the DG (Chirumamilla et al., 2002; Sun
et al., 2005). However, heightened levels of hippocampal neuronal
degeneration and cell death, particularly among the newly gen-
erated neurons in the DG, are also observed following TBI (Gao
et al., 2008).
As neuronal generation and degeneration concomitantly exist
following TBI, the observed age-related differences in recovery
may be due to not only the level of neurogenesis but also differ-
ences in thedegree of cell deathoccurring after brain injury. Neural
cell loss in the hippocampus has been linked to multiple neuro-
chemical pathways and cell death cascades leading to necrosis and
apoptosis (Raghupathi, 2004). Apart from necrotic cell death due
to focal tissue damage following TBI, cell death consistent with
apoptosis has been observed in the cortex, hippocampus, and tha-
lamus both in clinical and experimental brain injury (Clark et al.,
1997; Conti et al., 1998; Fox et al., 1998; Newcomb et al., 1999).
Underscoring the incredible scope of the cellular response after
injury is the ﬁnding that apoptotic neurons have been observed in
the human hippocampus up to 12 months after injury (Williams
et al., 2001).
In order to ascertain the potential link between apoptotic cell
death and the observed age-related differences in functional recov-
ery following TBI, the current study was undertaken to investigate
the levels of aging and injury associated apoptotic cell death and
the proteomic proﬁles of apoptosis-related proteins in the DG of
the juvenile and aged rats.
MATERIALS AND METHODS
ANIMALS
Juvenile (postnatal day 28; weighing approximately 70 g) and aged
(24months; weighing approximately 575 g)male Sprague–Dawley
rats (Harlan Inc., IN, USA) were used. Animals were housed
in the animal facility, with a 12-h light/dark cycle, water and
food provided ad libitum. All procedures were approved by our
Institutional Animal Care and Use Committee.
FLUID PERCUSSION INJURY
Animals were subjected to moderate TBI (n = 7 for each age
group) or sham injury (n = 7 for each age group) using the lat-
eral ﬂuid percussion injury (FPI) model as previously described
(Chirumamilla et al., 2002; Sun et al., 2005,2007). Brieﬂy, rats were
anesthetized in a plexiglass chamber with 3% isoﬂuorane in 30%
O2/70% N2, intubated and ventilated with 2% isoﬂuorane in 30%
O2/70% N2 and secured in a stereotaxic frame. Since intubation
was not feasible in juvenile rats, these animals received continuous
anesthesia via nose cone with the gas mixture described above. A
midline incision was made to expose the skull and a 4.9 mm cran-
iotomy was made on the left parietal bone halfway between the
sutural landmarks lambda and bregma. A modiﬁed Luer lock ﬁt-
tingwas then secured to the skull using cyanoacrylate adhesive and
dental acrylic. A moderate ﬂuid pressure pulse (2.00 ± 0.05 Atm)
was administered through the craniotomy onto the intact dura,
using a pre-calibrated FPI device. After injury, the Luer lock ﬁtting
was removed, the wound sutured and after a 3-h observation, the
rats were returned to the vivarium. Sham animals underwent the
same surgical procedure, but did not receive the injury pulse. Ani-
mals were allowed to survive for 48 h following injury, at which
point they were anesthetized and brain tissue processed for either
histochemical or proteomic analysis.
TISSUE PREPARATION FOR HISTOCHEMICAL PROCEDURES
Forty-eight hours following injury, animals (n = 4/group) were
anesthetized with isoﬂuorane, euthanized with euthasol (pen-
tobarbital sodium, 780 mg/kg; phenytoin sodium 100 mg/kg),
and transcardially perfused with phosphate buffered saline (PBS)
immediately followed by 1%paraformaldehyde in PBS. The brains
were rapidly dissected and immediately frozen in dry ice-chilled
isopentane at −30◦C. Ten μm-thick coronal sections spanning
the rostro-caudal extent of the hippocampal DG (corresponding
to the Paxinos andWatson stereotaxic rat atlas coordinates of −2.5
to −5.2 relative to bregma (Paxinos and Watson, 1986) were cut
by cryostat, collected onto Superfrost®/Plus Slides (Fisher Scien-
tiﬁc) and stored at −80◦C until histochemical procedures were
conducted.
TUNEL HISTOCHEMISTRY
In order to assess apoptosis levels in the DG, TUNEL histochem-
istry was performed according to the manufacturer’s protocol
using the ApopTag® Plus Fluorescein In Situ Apoptosis Detec-
tion Kit (Millipore, Billerica, MA, USA). Brieﬂy, sections were
post-ﬁxed in pre-cooled ethanol:acetic acid (2:1) for 5 mins at
−20◦C, followed by two 5 mins washes in PBS. An equilibra-
tion buffer was applied for 10 s followed by 1 h incubation in
a labeling solution of working strength TdT enzyme (composed
of reaction buffer and TdT enzyme) in a humidiﬁed 37◦C cham-
ber. Following a 15 s agitation, sections were incubated for 10mins
in the stop/wash buffer to terminate the reaction and subsequently
washed three times (oneminute each) in PBS. In order to visualize
the DNA fragments, sections were incubated in working strength
anti-digoxigenin conjugate (composed of blocking solution and
anti-digoxigenin antibody conjugated to ﬂuorescein) for 30 min
in a dark, humidiﬁed chamber at room temperature. Following
four PBS washes, a mounting medium containing 0.5 μg/mL of
a DAPI nuclear counter stain (Vector Lab, Burlingame, CA, USA)
was applied to sections and slides were coverslipped.
QUANTIFICATION OF APOPTOTIC CELLS
TUNEL-stained sections were examined at 40× with an Olympus
BX51microscopewith a BX-RFAﬂuorescence illuminator (Olym-
pus, Tokyo, Japan). To quantify the degree of apoptotic cell death
in the DG, every tenth coronal section throughout the rostro-
caudal extent of the hippocampus was examined (for a total of
25 sections at 10 μm thickness per brain) and TUNEL-positive
cells were systematically counted in a deﬁned sampling region.
The sampling region of interest extended from the hippocam-
pal ﬁssure down to the border of the lateral ventricle, including
the suprapyramidal and infrapyramidal blades, granule cell layer
(GCL), subgranular zone, and hilus of the DG (Figure 1A). A cell
was considered apoptotic only if its nucleus was labeled with both
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FIGURE 1 |TUNEL-labeled and DAPI-stained nuclei of the rat dentate
gyrus. (A) Confocal image showing DAPI-stained nuclei in the dentate gyrus
of the ipsilateral hippocampus. Sampling region of interest for quantiﬁcation
is outlined in red including the molecular layers (ML), suprapyramidal and
infrapyramidal blades, granule cell layer (GCL), subgranular zone, and hilus of
the dentate gyrus. Scale bar = 200 μm. (B–D) Condensed, fragmented nuclei
exhibiting the morphological characteristics of apoptosis (red arrows) are
stained with DAPI (B) andTUNEL (C). The co-localization of DAPI/ TUNEL
(D), in combination with the morphological features of the labeled nuclei
would indicate an apoptotic phenotype. Scale bar = 10 μm.
ﬂuorescein and a DAPI nuclear counter stain. The apoptotic state
of these TUNEL-positive cells was further conﬁrmed by the pres-
ence of condensed or fragmented nuclei when visualized by DAPI
(Figures 1B–D). The estimated number of TUNEL-positive cells
reported in the results represents the sum of apoptotic cell counts
from all quantiﬁed sections throughout the DG of an individual
rat multiplied by 10 to account for the intervals between quanti-
ﬁed sections. The number of TUNEL-positive cells reported was
the average of four animals in each group. In addition to evaluat-
ing TUNEL-positive cells in the DG of injured juvenile and aged
animals, the extent of apoptotic cell death was also examined in
age-matched shams.
IMMUNOFLUORESCENT LABELING
To determine the phenotype of cells undergoing apoptosis in the
DG following brain injury, triple immunoﬂuorescent labeling
was performed with mature neuronal marker NeuN, immature
neuronal marker PSA-NCAM, astrocytic marker GFAP, and
microglia cell marker Iba1. Brieﬂy, sections were incubated in a
blocking solution (5% normal horse serum and 1% bovine serum
albumin in PBS) with 1% Triton for 1 h at room temperature.
Sections were then incubated overnight at 4◦Cwithmousemono-
clonal NeuN (1:500,Millipore), PSA-NCAM(1:500,Millipore), or
rabbit polyclonal GFAP (1:1000, Dako) combined with goat poly-
clonal Iba1 (1:1000,Wako) diluted in the serum blocking solution.
Following over night primary antibody incubation at 4◦C, sections
were washed in PBS and then incubated for 1 h at room tem-
perature with Alex Fluor 568 anti-mouse IgG (for NeuN), IgA
(for PSA-NCAM), or anti-rabbit IgG (for GFAP) combined with
Alex Fluor 488 anti-goat IgG (1:200, Molecular Probes) in the
serumblocking solution. Following incubation, sectionswere then
washed three times in PBS and incubated with DAPI (1:1000) for
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10 min. After a PBS wash, sections were coverslipped with Vector-
shied. Sections were examined by confocal microscopy (Leica TCS
SP2).
TISSUE PREPARATION FOR PROTEOMIC ANALYSIS
Forty-eight hours following injury, animals (n = 3 for TBI and
sham animals in each age group) were anesthetized with isoﬂuo-
rane, euthanized with euthasol (pentobarbital sodium, 780mg/kg;
phenytoin sodium 100 mg/kg) and transcardially perfused with
ice-cold PBS. Brains were then rapidly dissected on ice and placed
in a rat brainmoldwith coronal divisions, so that three 1mmcoro-
nal sections encompassing the rostro-caudal extent of theDGwere
cut using a single edge razor blade. The hippocampus ipsilateral
to the site of injury in each slice was visualized using an Olympus
SZX9 dissecting microscope and the dentate gyri (corresponding
to the sampling regionof interest described above forTUNELanal-
ysis) from the three slices were dissected, pooled, and snap frozen
on dry ice. This was repeated on three samples for each of the
four groups (young sham, aged sham, young TBI, and aged TBI).
Tissues samples were then thawed on ice and homogenized in an
osmotic lysis buffer containing protease inhibitors and nucleases.
Samples were quantiﬁed with a bicinchoninic acid (BCA) protein
assay to determine the protein concentration of each sample and to
ensure that equal quantities of proteins (50 μg) were loaded onto
each gel for two dimensional polyacrylamide gel electrophoresis
(2D-PAGE).
PROTEOMIC ANALYSIS
In order to assess group differences in protein expression pro-
ﬁles, a comparative proteomic analysis was performed on tissue
extracted from the DG of juvenile and aged rats subjected to either
a shamor FPI. To identify candidate proteins in theDG that exhib-
ited differential expression patterns with aging and injury, tissue
was processed for 2D-PAGE (by Kendrick Laboratories, Madi-
son, WI, USA) according to the method of O’Farrell (1975) and
stained with a mass spectrometry (MS)-compatible special sil-
ver stain according to the Vorum method as previously described
(Colello et al., 2002). 2D-PAGE, which separates proteins based
ﬁrst according to charge and then according to molecular weight
(MW), was performed on 10% acrylamide slab gels capable of
resolving proteins in the 15–200 kDa MW range with an isoelec-
tric point (pI) between 3.5 and 10. 50 ng of an internal standard
(puriﬁed tropomyosin – MW 33,000; pI 5.2) was added to the
samples before gel running to serve as a reference marker. Dupli-
cate 2D gel proteomic map sets were generated from DG tissue
derived from both sham and ﬂuid percussion injured animals of
both age groups (n = 3/group) resulting in a total of six gels per
experimental group.
The objective of this proteomic analysis was twofold: (1) to
identify apoptosis-related proteins that are differentially expressed
in the DG during the normal aging process and (2) to identify
apoptosis-associated proteins that exhibit age-dependent alter-
ations in expression following TBI. To this end, a manual and
computer-automated subtractive comparative analysis was per-
formed using Discovery Series PDQuest 2D-Gel Analysis software
(Version 7.3.1, Bio-Rad,Hercules, CA,USA). Brieﬂy, gels were dig-
itized using a Bio-Rad GS-800 scanner (BioRad) and digital gels
were cropped, prepped for spot detection, ﬁltered, and smoothed
to clarify spots using PDQuest software. Spot volume and density
(optical density) parameters were used to quantitatively compare
corresponding protein spots between experimental groups. To
account for any inconsistencies in silver staining, the total staining
intensity in a gel image was used to normalize spot density. Opti-
cal densitymeasurementswere further normalized via background
subtraction and according to the internal tropomyosin standard.
A conservative twofold selection threshold was applied to control
the number of 2D gel spots processed for tandem mass spec-
trometric identiﬁcation. Thus, only the more prominent protein
changes were selected in this initial study and were subsequently
excised from the 2D gels, tryptic digested, and processed for mass
spectrometric analysis.
Liquid chromatography-electrospray ionization-tandem MS
(LC-ESI-MS/MS; performed by the Stanford Mass Spectrometry
Laboratory, Stanford University) was then used to determine the
amino acid sequence of each protein, which was then compared
to theoretical MS spectra of known proteins using a MASCOT
database search in order to determine the identity of the protein.
DATA ANALYSIS
The TUNEL data was analyzed using SPSS software with analysis
of variance (ANOVA) with post hoc Fisher LSD test or the Student
t-test with an applied Bonferroni correction for multiple groups
was utilized, with p value less than 0.05 considered statistically
signiﬁcant. Densitometric data for identiﬁed gel spots for log(2)
transformed to a normal distribution and tested using a two-way
ANOVA method for factors of injury and age and the interaction
between the two using a Holm–Sidak method for multiple com-
parisons based on an initial alpha of 0.05. All values are reported
as mean ± SEM in all ﬁgures.
RESULTS
INCREASED NUMBERS OF APOPTOTIC CELLS IN THE AGED BRAIN
FOLLOWING TBI
Age-associated differences in the apoptotic response of the brain
to traumatic insult may represent a mechanistic underpinning
of the heightened vulnerability of the aged brain to TBI, as
well as contributing to the poor cognitive recovery observed
in elderly patients following TBI. In this study, TUNEL label-
ing was employed to assess the level of apoptosis in the DG of
juvenile and aged rats following a moderate lateral ﬂuid per-
cussion or sham injury. Varying levels of TUNEL-positive cells
were observed in the DG in all groups assessed (juvenile-sham;
aged-sham; juvenile-TBI; aged-TBI), localized predominately in
the GCL and subgranular zone (Figures 1 and 2). Quantita-
tive analysis to compare the number of TUNEL labeled cells
between juvenile and aged animals revealed an age-related dif-
ference, both in the uninjured (sham) condition as well as
following TBI (Figure 3). Speciﬁcally, sham juvenile animals
exhibited signiﬁcantly higher levels of apoptosis as compared
to aged sham counterparts (Figure 3, ∗p < 0.05). Further-
more, while signiﬁcantly increased TUNEL labeling was observed
in the DG of both age groups following TBI, the magni-
tude of the injury-induced apoptotic response was signiﬁcantly
more pronounced in aged animals as compared to juveniles
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FIGURE 2 | Distribution of TUNEL-labeled apoptotic cells in the dentate
gyrus (DG) of juvenile and aged rats following TBI. Confocal images
showing TUNEL-labeled (green) apoptotic cells counterstained with DAPI
(blue) in the hippocampus of a juvenile sham (A–C), aged sham (D–F),
juvenile injured (G–I), and an aged injured rat (J–L) at 48 h following injury.
DAPI-stained sections (A,D,G,J) label the nuclei within the DG, while
TUNEL-labeling (B,E,H,K) reveals apoptotic cells in this region.
Co-localization of TUNEL/ DAPI (C,F,I,L) in conjunction with morphological
analysis provides veriﬁcation of their apoptotic phenotype. It should be
noted that sections from aged brain in both sham and injured aged animals
(E,F,K,L) have high levels of background staining as a result of the
autoﬂourescence of lipofuscin, pigment granule product found in neurons
that is associated with aging. Arrows denote apoptotic cells. Scale
bar = 50 μm.
(Figure 3, p < 0.05). By comparing the number of apop-
totic cells in the injured brain to the sham base level between
age-matched counterparts, the injured-aged brain exhibited a
38.9-fold increase while the injured-juvenile showed a more
modest 4.8-fold increase.
CELLS UNDERGOING APOPTOSIS WERE PREDOMINANTLY NEURONS
To determine the cellular constituents of apoptotic cells in the
DG, we used neuronal markers NeuN (for mature neurons) and
PSA-NCAM (for immature neurons) and the astrocytic marker
GFAP combined with microglial cell marker Iba1. Apoptotic cells
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FIGURE 3 | Quantitative analysis of the apoptotic response in the
dentate gyrus (DG) following aging andTBI. Graph showing estimated
numbers of TUNEL-labeled cells in the DG of juvenile and aged rats
subjected to a FPI or sham injury at 48 h post-injury. In sham animals,
juvenile animals displayed approximately ﬁve times moreTUNEL-positive
cells than their aged sham counterparts (∗p < 0.01). Following injury, the
number of TUNEL-positive apoptotic cells was signiﬁcantly increased in
both juvenile (∗p < 0.05) and aged animals (∗p < 0.01) as compare to their
age-matched shams.While aged animals exhibited a 38.9-fold increase in
the number of TUNEL-labeled cells followingTBI, juvenile rats displayed a
more modest 4.8-fold increase in apoptotic cell numbers over sham levels
in response to injury. The injured aged brain also had signiﬁcantly higher
number of TUNEL-labeled cells than the injured juvenile brain (#p < 0.05).
were identiﬁed by the presence of condensed, fragmented nuclei
with DAPI staining (Figure 1). The majority of apoptotic cells in
the DG of the juvenile rats as characterized by dense DAPI label-
ing were NeuN-negative, PSA-NCAM-positive immature neurons
located in the subgranule layer of the DG (Figure 4, arrows).
In contrast, there were very few PSA-NCAM-positive cells in
the DG in the aged brain. Rather, most of the apoptotic cells
with dense DAPI labeling observed in the aged DG were NeuN-
positive, PSA-NCAM-negative localized to the GCL (Figure 5,
arrows). In both age groups, the apoptotic cells were enveloped
by Iba+ microglial cells suggesting that the apoptotic cells were
taken up by microglial cells (Figures 4 and 5, arrows). No GFAP-
labeled astrocytes displayed apoptotic nuclei morphology (data
not shown).
THE EXPRESSION LEVEL OF APOPTOSIS-ASSOCIATED PROTEINS IN
THE DG CHANGED DURING AGING AND AFTER INJURY
To gain insight into the underlying mechanisms of the observed
aging/injury-associated differences in the DG apoptotic response,
we examined protein expression proﬁles in the DG in sham and
injured juvenile and aged rats. Speciﬁcally, each individual pro-
tein sample from the DG was subjected to a 2D electrophoresis.
Proteins spots from each 2D gel were then semi-quantitatively
analyzed to identify apoptosis-associated proteins that are dif-
ferentially expressed in the DG during aging process as well as
following TBI. A comparison of 2D gel protein expression pro-
ﬁles between the experimental groups revealed several age- and
injury-induced alterations in the DG proteome (Figure 6). Sixty
distinct protein spots were detected recurrently across 2D gels with
10 exhibiting a twofold or greater change in abundancewith injury
or aging as a factor. Using tandem MS, 3 of the 10 gel spots were
identiﬁed as proteins implicated in apoptotic processes: hippocal-
cin (P23k), acidic nuclear phosphoprotein pp32 (LANP), and heat
shock protein (Hsp27).
Hippocalcin, a calcium binding protein that has been shown
to protect neurons against apoptosis, exhibited a signiﬁcantly
FIGURE 4 |TUNEL-positive apoptotic cells in the DG of the juvenile
rat following TBI are newly generated immature neurons. Confocal
microscopic images show triple labeling of the neuronal marker NeuN
(red, C,D) or PSA-NCAM (red, G,H), the microglia marker Iba1 (green),
and the nuclei marker DAPI (blue). (A–H) DAPI-labeling revealed
apoptotic cell nuclei with condensed, fragmented morphology located
mostly in the subgranular zone of the DG (arrows and arrowheads).
Many of these nuclei are labeled with Iba1 (B,D,F,H, arrowheads), and
are NeuN-negative (C,D), but PSA-NCAM-positive (G,H, arrows and
arrowheads) suggesting that the majority of apoptotic cells in the
juvenile brain are immature neurons in the subgranular zone of the DG.
Scale bar = 30 μm.
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FIGURE 5 |TUNEL-positive apoptotic cells in the DG of the aged rat
followingTBI are predominantly mature neurons. Confocal microscopic
images show triple labeling of the neuronal marker NeuN (red), the microglia
marker Iba1 (green), and the nuclei marker DAPI (blue). (A–D) DAPI-labeling
showing cells undergoing apoptosis with condensed, fragmented morphology
located in the granule cell layer of the DG (arrows and arrowheads). These
cells are NeuN-positive (C,D, arrows), some of them are co-labeled with Iba1
(B,D, arrowheads) suggesting that the majority of the apoptotic cells in the
injured aged brain are mature neurons in close association with microglia, in
the granule cell layer of the DG. Scale bar = 60 μm.
higher level (2.4-fold; F = 6.2; p = 0.025) in the DG of sham
aged animals as compared to sham juveniles (Figures 6A,B).
The elevated expression of this anti-apoptotic protein in the
aging brain appears related to the declining levels of apopto-
sis that are observed during the aging process within the DG
(as assessed by TUNEL staining). In addition to the differen-
tial expression of hippocalcin between sham animals of different
ages, alterations in the expression levels of this anti-apoptotic
protein were also observed in response to injury. A comparison
between sham and injured aged animals revealed a signiﬁcant
decrease (−3.3-fold; F = 13.4; p = 0.002) in hippocalcin expres-
sion following TBI (Figures 6A,B) which corresponded to the
marked injury-induced increase in TUNEL-positive cells observed
in this aged population (Figure 3). In contrast to that seen
in aged animals, no signiﬁcant change in hippocalcin expres-
sion level was observed in juvenile rats as a consequence of
injury. This hippocalcin expression pattern observed by proteomic
analysis was further conﬁrmed by immunohistochemistry. As
shown in Figure 7, strong hippocalcin immunoreactivity was
observed in the stratum oriens, stratum lucidum, and stratum
radiatum of the CA1 region in all groups but particularly in
the sham aged brain (Figure 7C). In the DG, hippocalcin was
expressed in the molecular layers (ML) and hilus region, with
robust expression observed in the aged sham animals (Figure 7C)
as compared to that of juvenile sham animal (Figure 7A).
Furthermore, while hippocalcin immunoreactivity remained rel-
atively unchanged in the DG of juvenile animals following injury
(Figure 7B), there was a substantial decline in hippocalcin
immunoreactivity in the DG of aged rats in response to TBI
(Figure 7D).
LANP, a protein that has been shown to exhibit pro-apoptotic
properties, revealed a signiﬁcantly greater level (2.7-fold; F = 14.6;
p = 0.002) in the DG of juvenile sham animals as compared to
aged shams (Figures 6A,C). The signiﬁcantly decreased expression
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FIGURE 6 | Differential expression of apoptosis-associated proteins in
the dentate gyrus (DG) following aging and injury. (A) Standard format,
silver-stained 2D gels showing apoptosis-associated proteins expressed in
the DG of juvenile and aged rats in both sham and injured groups at 48 h
post-injury. Arrows point to distinct apoptosis-related proteins which exhibit
changes in expression as a consequence of aging and/or injury, the identity of
which were determined using LC-ESI-MS/MS. (B–D) Graph shows the
expression levels of apoptosis-related proteins (hippocalcin, LANP and
Hsp27) in the DG in relation to normal aging and injury. In sham animals, the
expression levels of hippocalcin was increased with aging, while LANP was
decreased with aging. HSP27 was low in both age groups. FollowingTBI,
hippocalcin was sharply decreased in the injured aged brain but slightly
increased in the juvenile brain.Whereas the level of LANP was increased in
the injured aged brain, but slightly decreased in the injured juvenile brain. The
expressed level of Hsp27 is drastically increased in both juvenile and aged
brain followingTBI. Results are reported as the log(2) transformed value of
the optical density measure (each unit = doubling in density). Mean ± SE;
n = 3; ∗p < 0.05.
of this apoptosis-promoting protein in the DG during the nor-
mal aging process parallels the declining levels of apoptosis
observed with aging (as assessed by TUNEL staining). Further-
more, while no change in LANP abundance was observed in the
DG of injured juveniles, a signiﬁcant increase (2.2-fold; F = 9.5;
p = 0.009) in LANP expression over sham levels was observed
in aged animals following TBI (Figure 6). This injury-induced
increase in LANP expression in the aged DG following TBI cor-
responds to the markedly enhanced levels of apoptosis in this
population.
Unlike the aforementioned proteins, no signiﬁcant alterations
(F = 0.2; p = 0.638) in Hsp27 expression were observed in the
DG as a factor of normal aging (Figures 6A,D). However, the
expression of this anti-apoptotic/anti-necrotic protein was signif-
icantly enhanced (13-fold; F = 47; p< 0.001) as a factor of injury,
irrespective of age.
DISCUSSION
The aging population is the most vulnerable group to TBI and
display heightened levels of cognitive deﬁcits as a result, in
part, from the progressive neuronal cell death in the hippocam-
pus. Among the pathological responses that occur following
TBI, apoptosis plays an important contributing role to the sec-
ondary insults that lead to neuronal loss. In this study, we
have observed aging- and injury-related differences in apototo-
sis levels and in the cell types that undergo apoptosis in the
DG of the hippocampus. In sham animals, juveniles exhibited
higher baseline levels of apoptosis as compared to their aged
counterparts. Following injury, the number of apoptotic cells
was signiﬁcantly increased in both age groups with aged ani-
mals exhibiting a more marked increase. Furthermore, the cell
types that undergo apoptosis, as well as their localization within
the DG, were different for the two age groups. In the juve-
nile brain, the majority of apoptotic cells were newly generated
PSA-NCAM+ immature neurons located in the SGZ, whereas
in the aged brain, the majority of apoptotic cells were mature
neurons residing in the GCL. Using proteomic approaches, we
have also identiﬁed age-and injury-associated alterations in the
expression levels of three apoptotic-related proteins in the DG.
Speciﬁcally, we observed changes in the expression levels of heat
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FIGURE 7 | Hippocalcin expression patterns in the hippocampus of
juvenile and aged rats following TBI. Representative images of
hippocalcin immunoﬂuorescent staining of coronal sections of the DG of
a juvenile sham (A), aged sham (C), juvenile injured (B), and an aged
injured (D) rat at 48 h post-injury. Hippocampal CA1 region, molecular
layers (ML) and hilus region of the DG show strong hippocalcin
staining. The staining was done at the same time for all sections and
pictures were taken at the same time with same exposure, minimal
adjustment of brightness and contrast was made to maintain the true
staining patterns. Note that the intensity of hippocalcin immunoreactivity
mirrors the protein expression pattern observed via 2-D gel proteomic
analysis. Scale bar = 200 μm.
shockprotein 27, hippocalcin, andLANP(acidic nuclear phospho-
protein), which suggested the presence of differential regulating
pathways of apoptosis in the normal aging process and following
TBI.
Apoptosis is an important mechanism during brain develop-
ment for regulating neuronal cell numbers and to ensure the
appropriate formation of neuronal circuitries. Apoptosis also
occurs in the neurogenic regions of the adult brain, with a signiﬁ-
cant portion of newly generated cells in the adult brain eliminated
within the ﬁrst months following generation (Dayer et al., 2003).
Cells undergoing apoptosis are removed by resident microglia
cells (Sierra et al., 2010). These apoptotic processes that occur in
the neurogenic regions of the normal adult brain are thought to
be mediated through Bax, Blc pathways. Studies have revealed
that transgenic mice with Bax-deﬁciency or over-expression of
bcl-2 show increased numbers of new neurons in the DG, a phe-
nomenon that results from decreased apoptosis and not increased
cell proliferation (Sun et al., 2004; Kuhn et al., 2005). The continu-
ous increase of DG cell numbers in Bax-knock outmice resulted in
a readjustment of afferent and efferent synaptic connections, with
reductions in dendritic arborization, synaptic transmission, and
reduced performance in hippocampal-dependent learning and
memory functions (Kim et al., 2009). In this context, elimina-
tion of excess newly generated neurons via apoptosis in the adult
brain is essential for the normal organization and function of the
hippocampus. Following aging, the degree of neurogenesis in the
DG is sharply decreased as a result of the normal aging process
(Rao et al., 2006; Olariu et al., 2007; Walter et al., 2011). Studies
have shown that decreased neurogenesis in the DG with aging is
accompanied by declines in apoptotic cells in this region (Heine
et al., 2004; Sierra et al., 2010). Our current ﬁndings in sham ani-
mals, which show that TUNEL+ cells are predominantly localized
to the SGZ and that the number of TUNEL+ cells decline with
aging, are in agreement with these published studies.
Following TBI, the injured brain undergoes a cascade of sec-
ondary events which include apoptosis and neurogenesis.We have
previously shown that TBI enhances hippocampal neurogenesis
and that this enhancement is more prominent in the juvenile
brain as compared to adults (Sun et al., 2005). In the current
study, we observed increased TUNEL+ cells in the injured juve-
nile brain as compared to sham counterparts, with apoptotic cells
localizing predominantly to the SGZ and displaying an immature
neuronal phenotype (PSA-NCAM+). This observation is in agree-
ment with previously published ﬁndings that adult-generated
immature neurons in the SGZ are vulnerable to TBI, with many
cells undergoing cell death due to the injury impact (Gao et al.,
2008). In the current study, one of the striking ﬁndings is the
marked increase in TUNEL+ cells in the DG of aged animals fol-
lowing TBI. Themajority of the dying cells in the injured aged DG
area are NeuN+ mature neurons localized to the GCL as opposed
to the PSA-NCAM+ cells in the SGZ, as found in the juvenile
DG. These age-related differences reﬂect changes in the degree
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of neurogenesis as very few PSA-NCAM+ cells are found in the
aged brain. The observed cell death of mature neurons in the aged
brain is likely due to the vulnerability of the aged brain to TBI. It
is known that heightened levels of oxidative stress, inﬂammation,
excitotoxicity, etc. lead to increased neuronal death in the aged
brain, particularly in the hippocampus, following TBI (Shao et al.,
2006; Sandhir et al., 2008; Timaru-Kast et al., 2012).
Neuronal death following TBI occurs through several processes
and via many mechanisms involving both necrosis and apopto-
sis. Calcium dysregulation, excitotoxicity, activation of cysteine
proteases, mitochondrial permeability transition, and mechani-
cal pertubation of neuronal membranes are all mechanisms that
contribute to apoptotic and/or necrotic neuronal cell death after
TBI (Shapira et al., 1989; Fineman et al., 1993; Zipfel et al., 2000).
The precise mechanism that determines the fate of a particular
cell type has yet to be precisely deﬁned. The cell type and regional
differences in the apoptotic response that we have observed in
the aged and juvenile brain following injury suggest that different
mechanisms are at play.
Developmental apoptosis is thought to selectively remove unvi-
able cells in order to promote overall growth whereas cell death
after TBI may play a much more detrimental role in recovery after
injury. Onemechanism formodulating apoptosis is a shift between
pro and anti-apoptotic factors that promote the expression of pro-
teins responsible for cell death (Raghupathi, 2004). In the current
study, using proteomic approaches, we identiﬁed aging and injury
associated changes of three apoptosis related proteins (Heat shock
protein beta-1, Hippocalcin, LANP) which may be responsible for
the differences observed in the aging and injury-induced apoptotic
response.
Heat shock protein beta-1 (Hsp27) was present on
2D-electrophoresis gels run for this study at a MW of 23 kDa
and with an isoelectric point (pI) of 6.12. In our study, Hsp27
expression level was low in sham animals regardless of age. Its
expression level was drastically increased after injury in both
age groups indicating that Hsp27 is an injury-induced pro-
tein, which is in agreement with previous ﬁndings that report
enhanced synthesis of Hsp27 after stress. To date, no pub-
lished literature has reported HsP27 expression following TBI.
Hsp27 is a member of the small heat shock or stress protein
(shsp) families that are known to display enhanced synthesis
after heat or oxidative stress (Landry et al., 1989; Mehlen et al.,
1995). The increased production of hsp27 following TBI in both
juvenile and aged brain may represent a protective response
of the CNS following injury-induced excitotoxicity, oxidative
stress, and inﬂammation. Hsp27 functions as molecular chaper-
ones (Horwitz, 1992) or actin capping/decapping enzymes (Guay
et al., 1997) involved in several fundamental cellular processes
including protein intracellular transport, cytoskeleton architec-
ture, translation regulation, intracellular redox homeostasis, and
most relevant to the current study, protection against spontaneous
or stimulated programmed cell death (reviewed by Vidyasagar
et al., 2012). Hsp27 has been shown to have signiﬁcant anti-
apoptotic properties via different pathways including Fas-FasL,
Bax, and cytochrome c, as well as caspase-dependent apopto-
sis (Bruey et al., 2000; Charette and Landry, 2000; Havasi et al.,
2008).
Hsp27 has also been studied in relation to necrosis, a cell death
process that has been shown to dominate after moderate to severe
experimental TBI (Conti et al., 1998). Necrosis has been shown to
occur more often in the CA1, CA3, and hilus regions of the hip-
pocampus after TBI, whereas apoptosis has been shown to occur
more often in the DG (Clark et al., 1997). Over expression of
hsp27 protects against both programmed cell death and necrosis
(Wagstaff et al., 1999). Hsp27 expression has been shown to
decrease intracellular reactive oxygen species levels, a condition
that often triggers necrosis. Hsp27 has also been shown to block
cell death induced by TNFα by increasing cellular content of the
antioxidant glutathione (Mehlen et al., 1995, 1996). In addition,
shsp expression has been shown to protect against cellular necrosis
induced by oxidative stress (Mehlen et al., 1993), and inﬂamma-
tory cytokines (Mehlen et al., 1996). The increased production of
Hsp27 following TBI in both juvenile and aged brain observed in
our study suggests that the brain exerts a protective effect against
excessive cell death induced by excitotoxicity, oxidative stress, and
inﬂammation following injury. Consequently, an increased exoge-
nous expression of hsp27 may be a potential therapeutic target for
the prevention of massive cell death after neurotrauma speciﬁcally
via protection against apoptosis, necrosis, and neurodegeneration.
Hippocalcin, also known as p23k, was present on
2D-electrophoresis gels at a MW of 23 kDa and with a pI of 4.87.
This protein displayed an increase in expression with aging in
sham animals, and a decrease in expression after injury in the aged
brain only. The differential expression correlating with aging is in
conﬂictwith a previously published study reporting decreasedhip-
pocalcin immunostaining in the hippocampus of aged rats during
normal aging (Furuta et al., 1999). This discrepancy may due to
the differences of sub-regional expression of hippocalcin and the
method used. To date no other published study has reported the
changes of hippocalcin expression level following injury in aged
animals.
Hippocalcin is a member of the small neuronal calcium-sensor
family (NCS) (Kobayashi et al., 2005; Palmer et al., 2005). In the
hippocampus, hippocalcin is strongly expressed in the pyramidal
cell layer and is modest in the DG (Furuta et al., 1999). Although
the physiological role of hippocalcin is not completely understood,
it is implicated in regulating neuronal viability and plasticity.
For example, studies have found that hippocalcin can protect
hippocampal neurons against excitotoxicity induced damage by
enhancing Ca++ extrusion and maintaining ideal intracellular
Ca++ levels (Masuo et al., 2007). It is also reported that hippocal-
cin acts to abate apoptosis by interfering with the programmed cell
death cascades. For example, hippocalcin interacts with neuronal
apoptosis inhibitory protein to protect neurons against Ca++-
induced cells death by decreasing caspase 3 and caspase 7 activities
(Mercer et al., 2000). In addition, hippocalcin has been shown to
protect against caspase 12-induced and age-dependent neuronal
degeneration (Korkohonene et al., 2005). It also plays a criti-
cal Ca++-sensing role in NMDA receptor-mediated hippocampal
LTD (Palmer et al., 2005) suggesting that hippocalcin may be
involved in the downstream Ca2++-signaling cascade leading to
synaptic plasticity and learning and memory function.
In the current study, in the injured brain, hippocalcin level was
sharply decreased in the aged DG while remaining constant in the
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juvenile animals. This decrease of hippocalcin expression in the
injured aged DG corresponds to the sharp increase in the number
of TUNEL+ cells observed. As hippocalcin plays roles in neuronal
viability and plasticity, the decreased expression of hippocalcin in
the DG following injury may contribute to the vulnerability of
the aged brain to TBI leading to increased neuronal cell death and
cognitive dysfunction. Taken together, our ﬁndings suggest that
hippocalcin may play a role in endogenous repair or homeostasis
after TBI.
LANP, also known as ANP21-A, PHAPI (putative HLA-
associated protein 1), and pp32 (phosphoprotein with a molec-
ular mass of 32 kDa), was present on 2D-electrophoresis at
a MW of 29 kDa and with a pI of 4.00. In sham animals,
this protein was expressed at high level in the DG of juve-
nile brain and was low in the aged brain. Following TBI, an
increase in expression was observed only in the aged animal
while remaining constant in the juvenile animal. This expression
pattern suggests that the aged brain was stimulated to pro-
duce high level of LANP to recapitulate the level in the juvenile
brain.
LANP is a nucleocytoplasmic shuttling protein with a diverse
functions including signaling, protein degradation, cytoskeletal
dynamics, and morphogenesis, due to the leucine rich repeat
domains which serve as versatile protein binding sites (Kobe
and Deisenhofer, 1994). Functionally, the most deﬁned biolog-
ical function of LANP is its role as a tumor suppressor owning
to its apoptotic enhancer function by stimulating apoptosome-
mediated caspase activation (Pan et al., 2009). Other known
functions of LANP include inhibition of protein phosphatase 2A
(PP2A) and histone acetyltransferase (HAT) (Habrukowich et al.,
2010). In the brain, LANP is abundantly expressed during early
weeks of postnatal life and the level is decreased in adult (Mat-
suoka et al., 1994). To date there is no published study reporting
the changes of LANP expression in the DG related to aging and
following brain injury. Consequently, its role in the injured brain is
unknown. In the current study, in sham animals, we found a high
level of expression of LANP in the DG of juvenile brain and low in
the aged. This expression pattern is in agreement with published
report about its expression in the cerebella (Matsuoka et al., 1994).
In the injured brain, we found a sharply increased expression of
LANP in the aged brain following injury. The high expression level
of LANP in the sham juvenile and injured aged DG is in parallel
with the higher level of TUNEL+ cells observed in these groups,
which support the role of LANP as an apoptosis promoter. Nev-
ertheless, other roles of LANP such as its function in regulating
neurite extension (Kular et al., 2009), COX-2 (cyclooxygenase-2)
by interaction with sphingoshine (Habrukowich et al., 2010) may
be also at play.
In summary, this study revealed the degree of apoptosis and
the differential changes of three apoptosis-related proteins in the
DG during normal aging and following TBI. The present design
focused on proteins with a sizeable twofold or greater change in
level as a response to injury or aging, precluding the detection
of more subtle changes in the proteome. Also, the relative lower
animal number (three per group), wemaymiss out on some other
proteins that may have signiﬁcant association to age and injury
related changes. Nevertheless, the differential expression of the
three apoptosis proteins thatwehave identiﬁed in the current study
may suggest any one of these proteins may play an important role
in contributing to the decreased capacity of recovery of the aged
population following injury. Our results suggest that therapeutic
strategies for treating TBI sufferers need to consider age-related
differences in pathological changes and cellular pathways in order
to be effective for the particular age group.
ACKNOWLEDGMENTS
This study was funded by the National Institutes of Health Grant
No. NS055086 (Sun) and NS048377 (Colello). Microscopy work
was performed at the VCU – Department of Anatomy and Neuro-
biologyMicroscopy Facility, supported, in part, with funding from
NIH-NINDS center core grant 5P30NS047463. We thank Andrew
Ottens for his assistance with proteomic data analysis.
REFERENCES
Bruey, J. M., Paul, C., Fromentin, A., Hilpert, S., Arrigo, A. P., Solary, E., et al. (2000).
Differential regulation of Hsp27 oligomerization in tumor cells grown in vitro
and in vivo. Oncogene 19, 4855–4863. doi: 10.1038/sj.onc.1203850
Charette, S. J., and Landry, J. (2000). The interaction of HSP27 with Daxx identiﬁes
a potential regulatory role of HSP27 in Fas-induced apoptosis. Ann. N. Y. Acad.
Sci. 926, 126–131. doi: 10.1111/j.1749-6632.2000.tb05606.x
Chirumamilla, S., Sun, D., Bullock,M. R., and Colello, R. J. (2002). Traumatic brain
injury induced cell proliferation in the adult mammalian central nervous system.
J. Neurotrauma 19, 693–703. doi: 10.1089/08977150260139084
Clark, R. S. B., Chen, J.,Watkins, S. C., Kochanek, P.M., Chen,M., Stetler, R. A., et al.
(1997). Apoptosis-supressor gene bcl-2 expression after traumatic brain injury in
rats. J. Neurosci. 17, 9172–9182.
Clelland, C. D., Choi, M., Romberg, C., Clemenson, G. D. Jr., Fragniere, A., Tyers,
P., et al. (2009). A functional role for adult hippocampal neurogenesis in spatial
pattern separation. Science 325, 210–213. doi: 10.1126/science.1173215
Colello, R. J., Fuss, B., Fox, M. A., and Alberti, J. (2002). A proteomic
approach to rapidly elucidate oligodendrocyte-associated proteins expressed in
the myelinating rat optic nerve. Electrophoresis 23, 144–151. doi: 10.1002/1522-
2683(200201)23:1<144::AID-ELPS144>3.0.CO;2-P
Conti, A. C., Raghupathi, R., Trojanowski, J. Q., and McIntosh, T. K. (1998). Exper-
imental brain injury induces regionally distinct apoptosis during the acute and
delayed post-traumatic period. J. Neurosci. 18, 5663–5672.
Dayer, A. G., Ford, A. A., Cleaver, K. M., Yassaee, M., and Cameron, H. A. (2003).
Short-term and long-term survival of new neurons in the rat dentate gyrus. J.
Comp. Neurol. 460, 563–572. doi: 10.1002/cne.10675
Deng,W., Saxe,M.D.,Gallina, I. S., andGage, F.H. (2009). Adult-born hippocampal
dentate granule cells undergoing maturation modulate learning and memory in
the brain. J. Neurosci. 29, 13532–13542. doi: 10.1523/JNEUROSCI.3362-09.2009
Dickstein, D. L., Kabaso, D., Rocher, A. B., Luebke, J. I., Wearne, S. L., and Hof, P.
R. (2007). Changes in the structural complexity of the aged brain. Aging Cell 6,
275–284. doi: 10.1111/j.1474-9726.2007.00289.x
Fineman, I., Hovda, D. A., Smith, A., Yoshino, A., and Becker, D. P. (1993). Con-
cussive brain injury is associated with a prolonged accumulation of calcium:
a 45Ca autoradiographic study. Brain Res. 624, 94–102. doi: 10.1016/0006-
8993(93)90064-T
Fox, G. B., Fan, L., Levasseur, R. A., and Faden, A. I. (1998). Sustained sen-
sory/motor and cognitive deﬁcits with neuronal apoptosis following controlled
cortical impact brain injury in the mouse. J. Neurotrauma 15, 599–614. doi:
10.1089/neu.1998.15.599
Frank, M. G., Barrientos, R. M., Biedenkapp, J. C., Rudy, J. W., Watkins, L.
R., and Maier, S. F. (2006). mRNA up-regulation of MHC II and pivotal pro-
inﬂammatory genes in normal brain aging. Neurobiol. Aging 27, 717–722. doi:
10.1016/j.neurobiolaging.2005.03.013
Furuta,Y., Kobayashi,M.,Masaki, T., andTakamatsu, K. (1999). Age-related changes
in expressionof hippocalcin and NVP2 in rat brain. Neurochem. Res. 24, 651–658.
doi: 10.1023/A:1021000425070
Frontiers in Aging Neuroscience www.frontiersin.org December 2013 | Volume 5 | Article 95 | 11
“fnagi-05-00095” — 2013/12/17 — 12:31 — page 12 — #12
Sun et al. Aging- and injury-related apoptosis in the hippocampus
Gao, X., Deng-Bryant, Y., Cho, W., Carrico, K. M., and Chen, J. (2008). Selective
death of newborn neurons in hippocampual dentate gyrus following moder-
ate experimental traumatic brain injury. J. Neurosci. Res. 86, 2258–2270. doi:
10.1002/jnr.21677
Guay, J., Lambert, H., Gingras-breton, G., Lavoie, J. N., Huot, J., and Landry,
J. (1997). Regulation of actin ﬁlament dynamics by p38 map kinase-mediated
phosphorylation of heat shock protein 27. J. Cell Sci. 110, 357–368.
Habrukowich, C., Han, D. K., Le, A., Rezaul, K., Pan, W., Ghosh, M., et al.
(2010). Sphingosine interactionwith acidic leucine-rich nuclear phosphoprotein-
32A (ANP32A) regulates PP2A activity and cyclooxygenase (COX)-2 expres-
sion in human endothelial cells. J. Bio. Chem. 285, 26825–26831. doi:
10.1074/jbc.M110.147058
Havasi, A., Li, Z., Wang, Z., Martin, J. L., Botla, V., Ruchalski, K., et al.
(2008). Hsp27 inhibits Bax activation and apoptosis via a phosphatidylinos-
itol 3-kinase-dependent mechanism. J. Biol. Chem. 283, 12305–12313. doi:
10.1074/jbc.M801291200
Heine, V. M., Maslam, S., Joels, M., and Lucassen, P. J. (2004). Prominant decline
of newborn cell proliferation, differentiation, and apoptosis in the aging den-
tate gyrus, in absence of an age-related hypothalamus-pituitaty-adrenal axis
activation. Neurobiol. Aging 25, 361–375. doi: 10.1016/S0197-4580(03)00090-3
Horwitz, J. (1992). Alpha-crystallin can function as a molecular chaperone. Proc.
Natl. Acad. Sci. U.S.A. 89, 10449–10453. doi: 10.1073/pnas.89.21.10449
Kim,W. R., Park, O. H., Choi, S. Y., Park, S. K., Lee, K. J., Rhyu, I. J., et al. (2009). The
mainteneance of speciﬁc aspects of neuronal function and behavior is dependent
on programmed cell death of adult-generated neurons in the dentate gyrus. Eur.
J. Neurosci. 29, 1408–1421. doi: 10.1111/j.1460-9568.2009.06693.x
Kobayashi, M., Masaki, T., Hori, K., Masuo, Y., Miyamoto, M., Tsubokawa, H., et al.
(2005). Hippocalcin-deﬁcient mice display a defect in cAMP response element-
binding protein activation associated with impaired spatial and associative
memory. Neuroscience 133, 471–484. doi: 10.1016/j.neuroscience.2005.02.034
Kobe, B., and Deisenhofer, J. (1994). The leucine-rich repeat: a versatile binding
motif. Trends Biochem. Sci. 19, 415–421. doi: 10.1016/0968-0004(94)90090-6
Korkohonene, L., Hansson, I., Kukkonen, J. P., Brannvall, K., Kobayashi, M.,
Takamatsu, K., et al. (2005). Hippocalcin protects against caspase-12-induced
and age-dependent neuronal degeneration. Mol. Cell. Neurosci. 28, 85–95. doi:
10.1016/j.mcn.2004.08.015
Kuhn, H. G., Biebl, M., Wilhelm, D., Li, M., Friedlander, R. M., and Winkler, J.
(2005). Increased generation of granule cells in adult Bcl-2-overexpressing mice:
a role for cell death during continued hippocampal neurogenesis. Eur. J. Neurosci.
22, 1907–1915. doi: 10.1111/j.1460-9568.2005.04377.x
Kular, R. K., Cvetanovic, M., Sifed, S., Kini, A. R., and Opal, P. (2009). Neu-
ronal differentiation is regulated by leucine-rich acidic nuclear protein (LANP), a
member of the inhibitor of histone acetyltransferase complex. J. Bio. Chem. 284,
7783–7792. doi: 10.1074/jbc.M806150200
Landry, J., Chretien, P., Lambert, H., Hickey, E., andWeber, L. A. (1989). Heat shock
resistance conferred by expression of the human hsp27 gene in rodent cells. J. Cell
Biol. 109, 7–15. doi: 10.1083/jcb.109.1.7
Mattson,M. P., andMagnus, T. (2006). Ageing and neuronal vulnerability. Nat. Rev.
Neurosci. 7, 278–294. doi: 10.1038/nrn1886
Masuo, Y., Ogura, A., Kobayashi, M., Masaki, T., Furuta, Y., Ono, T.,
et al. (2007). Hippocalcin protects hippocampal neurons against excito-
toxin damage by enhancing calcium extrusion. Neursci. 145, 495–504. doi:
10.1016/j.neuroscience.2006.12.011
Matsuoka, K., Taoka, M., Satozawa, N., Nakayama, H., Ichimura, T., Takahashi,
N., et al. (1994). A nuclear factor containing the leucine-rich repeats expressed
in murine cerebellar neurons. Proc. Natl. Acad. Sci. U.S.A. 91, 9670–9674. doi:
10.1073/pnas.91.21.9670
Mehlen, P., Briolay, J., Smith, L., Diaz-Latoud, C., Fabre, N., Pauli, D.,
et al. (1993). Analysis of resistance to heat and hydrogen peroxide stresses
in COS cells transiently expressing wild type or deletion mutants of the
Drosophilia 27-kDa heat shock protein. Eur. J. Biochem. 215, 277–284. doi:
10.1111/j.1432-1033.1993.tb18032.x
Mehlen, P., Kretz-Remy, C., Preville, X., and Arrigo, A. P. (1996). Human
hsp27, Drosphilia hsp27 and human (B-crystallin expression-mediated increase
in glutathione is essential for the protective activity of these proteins against
TNF(-induced cell death. EMBO J. 15, 2695–2706.
Mehlen, P., Preville, X., Chareyron, P., Briolay, J., Kelemenz, R., and Arrigo, A. P.
(1995). Constituitive expression of human hsp27, Drosophilia hsp27, or human
αB-crystallin confers resistance to TNF- and oxidative stress-induced cytotoxicity
in stably transfected murine L929 ﬁbroblasts. J. Immunol. 215, 363–374.
Mercer, E. A., Korhonen, L., Skoglosa, Y., Olsson, P. A., Kukkonen, J. P., and Lind-
holm, D. (2000). NAIP interacts with hippocalcin and protects neurons against
calcium-induced cell death through caspase-3-dependent and -independent
pathways. EMBO J. 19, 3597–3607. doi: 10.1093/emboj/19.14.3597
Newcomb, J. K., Zhao, X., Pike, B. R., and Hayes, R. L. (1999). Temporal proﬁles
of apoptotic-like changes in neurons and astrocytes following controlled cortical
impact injury in the rat. Exp. Neurol. 158, 76–88. doi: 10.1006/exnr.1999.7071
O’Farrell, P.H. (1975). High resolution two-dimentional electrophoresis of proteins.
J. Biol. Chem. 250, 4007–4021.
Olariu, A., Cleaver, K. M., and Cameron, H. A. (2007). Decreased neurogenesis in
aged rats results from loss of granule cell precursors without lengthening of the
cell cycle. J. Comp. Neurol. 501, 659–667. doi: 10.1002/cne.21268
Palmer, C. L., Lim, W., Hastie, P. G. R., Toward, M., Korolchuk, V. I., Burbidge, S.
A., et al. (2005). Happocalcin functions as a calcium sensor in hippocampal LTD.
Neuron 47, 487–494. doi: 10.1016/j.neuron.2005.06.014
Pan,W., da Graca, L. S., Shao, Y., Yin, Q.,Wu, H., and Jiang, X. (2009). PHAPI/pp32
suppresses tumorigenesis by stimulating apoptosis. J. Biol. Chem. 284, 6946–6954.
doi: 10.1074/jbc.M805801200
Pavlopoulos, E., Jones, S., Kosmidis, S., Close, M., Kim, C., Kovalerchik, O., et al.
(2013). Molecular mechanism for age-related memory loss: the histone-binding
protein RbAp48. Sci. Transl. Med. 5, 200ra115. doi:10.1056/NEJMicm
Paxinos, G., and Watson, C. (1986). The Rrat Brain in Stereotaxic Coordinates. San
Diego, CA: Academic Press, Inc.
Raghupathi, R. (2004). Cell death mechanisms following traumatic brain injury.
Brain Pathol. 14, 215–222. doi: 10.1111/j.1750-3639.2004.tb00056.x
Ramirez-Amaya, V., Marrone, D. F., Gage, F. H., Worley, P. F., and Barnes, C. A.
(2006). Integration of new neurons into functional neural networks. J. Neurosci.
26, 12237–12241. doi: 10.1523/JNEUROSCI.2195-06.2006
Rao, M. S., Hattiangady, B., and Shetty, A. K. (2006). The window and
mechanisms of major age-related decline in the production of new neurons
within the dentate gyrus of the hippocampus. Aging Cell 5, 545–558. doi:
10.1111/j.1474-9726.2006.00243.x
Sandhir, R., Onyszchuk, G., and Berman, N. E. (2008). Exacerbated glial response
in the aged mouse hippocampus following controlled cortical impact injury. Exp.
Neurol. 213, 372–380. doi: 10.1016/j.expneurol.2008.06.013
Shao, C., Roberts, K. N., Markesbery, W. R., Scheff, S. W., and Lovell, M. A. (2006).
Oxidative stress in head trauma in aging. Free Radic. Biol. Med. 41, 77–85. doi:
10.1016/j.freeradbiomed.2006.03.007
Shapira, Y., Yadid, G., Cotev, S., and Shohami, E. (1989). Accumulation of calcium
in the brain following head trauma. Neurol. Res. 11, 169–172.
Sierra, A., Encinas, J. M., Deudero, J. J., Chancey, J. H., Nikolopov, G., and
Overstreet-Wadiche, L. S. (2010). Microglia shape adult hippocampal neuro-
genesis through apoptosis-coupled phagocytosis. Cell Stem Cell 7, 483–495. doi:
10.1016/j.stem.2010.08.014
Small, S. A., Schobel, S. S., Buxton, R. B., Witter, M. P., and Barnes, C. A. (2011). A
pathophysiological framework of hippocampal dysfunction in ageing and disease.
Nat. Rev. Neurosci. 12, 585–601. doi: 10.1038/nrn3085
Sun, D., Colello, R. J., Daugherty, W. P., Kwon, T. H., McGinn, M. J., Harvey, H. B.,
et al. (2005). Cell proliferation and neuronal differentiation in the dentate gyrus
in juvenile and adult rats following traumatic brain injury. J. Neurotrauma 22,
95–105. doi: 10.1089/neu.2005.22.95
Sun, D., McGinn, M. J., Zhou, Z., Harvey, H. B., Bullock, M. R., and Colello, R.
J. (2007). Anatomical integration of newly generated dentate granule neurons
following traumatic brain injury in adult rats and its association to cognitive
recovery. Exp. Neurol. 204, 264–272. doi: 10.1016/j.expneurol.2006.11.005
Sun, W., Winseck, A., Vinstant, S., Park, O. H., Kim, H., and Oppenheim, R.
W. (2004). Programmed cell death of adult-generated hippocampal neurons
is mediated by the proapoptotic gene Bax. J. Neurosci. 24, 11205–11213. doi:
10.1523/JNEUROSCI.1436-04.2004
Timaru-Kast, R., Luh, C., Gotthardt, P., Huang, C., Schafer, M. K., Engelhard, K.,
et al. (2012). Inﬂuence of age on brain edema formation, secondary brain damage
and inﬂammatory response after brain trauma in mice. PLoS ONE 7:e43829. doi:
10.1371/journal.pone.0043829
van Pragg, H., Schinder, A. F., Christie, B. R., Toni, N., Palmer, T. D., and Gage,
F. H. (2002). Functional neurogenesis in the adult hippocampus. Nature 415,
1030–1034. doi: 10.1038/4151030a
Frontiers in Aging Neuroscience www.frontiersin.org December 2013 | Volume 5 | Article 95 | 12
“fnagi-05-00095” — 2013/12/17 — 12:31 — page 13 — #13
Sun et al. Aging- and injury-related apoptosis in the hippocampus
Vidyasagar, A., Wilson, N. A., and Djamali, A. (2012). Theat shock protein 27
(Hsp27); biomarker of disease and therapeutic target. Fibrogenesis Tissue Repair
5, 1–7.
Wagstaff,M. J. D., Collaco-Moraes,Y., Smith, J., de Belleroche, J. S., Cofﬁn, R. S., and
Latchman, D. S. (1999). Protection of neuronal cells from apoptosis by Hsp27
delivered with a herpes simplex virus-based vector. J. Biol. Chem. 274, 5061–5069.
doi: 10.1074/jbc.274.8.5061
Walter, J., Keiner, S., Witte, O. W., and Redecker, C. (2011). Age-related effects on
hippocmapal precursor cell subpopulations and neurogenesis. Neurobiol. Aging
32, 1904–1914. doi: 10.1016/j.neurobiolaging.2009.11.011
Williams, S., Raghupathi, R., Mackinnon, M. A., McIntosh, T. K., Saatman, K. E.,
and Graham, D. I. (2001). In situ DNA fragmentation occurs in white matter
up to 12 months after head injury in man. Acta Neuropathol. 102, 581–590.
doi:10.1007/s004010100410
Zipfel, G. J., Babcock, D. J., Lee, J. M., and Choi, D. W. (2000). Neuronal apoptosis
after CNS injury: the role of glutamate and calcium. J. Neurotrauma 17, 857–869.
doi: 10.1089/neu.2000.17.857
Conflict of Interest Statement:The authors declare that the researchwas conducted
in the absence of any commercial or ﬁnancial relationships that could be construed
as a potential conﬂict of interest.
Received: 09 September 2013; accepted: 04 December 2013; published online: 18
December 2013.
Citation: Sun D, McGinn M, Hankins JE, Mays KM, Rolfe A and Colello RJ (2013)
Aging- and injury-related differential apoptotic response in the dentate gyrus of the
hippocampus in rats following brain trauma. Front. Aging Neurosci. 5:95. doi:
10.3389/fnagi.2013.00095
This article was submitted to the journal Frontiers in Aging Neuroscience.
Copyright © 2013 Sun, McGinn, Hankins, Mays, Rolfe and Colello. This is an open-
access article distributed under the terms of the Creative Commons Attribution License
(CC BY). The use, distribution or reproduction in other forums is permitted, provided
the original author(s) or licensor are credited and that the original publication in this
journal is cited, in accordance with accepted academic practice. No use, distribution or
reproduction is permitted which does not comply with these terms.
Frontiers in Aging Neuroscience www.frontiersin.org December 2013 | Volume 5 | Article 95 | 13
